In vitro differentiation of human stem cells can produce pancreatic β-cells; the loss of this insulin-secreting cell type underlies type 1 diabetes. Here, as a step towards understanding this differentiation process, we report the transcriptional profiling of more than 100,000 human cells undergoing in vitro β-cell differentiation, and describe the cells that emerged. We resolve populations that correspond to β-cells, α-like poly-hormonal cells, non-endocrine cells that resemble pancreatic exocrine cells and a previously unreported population that resembles enterochromaffin cells. We show that endocrine cells maintain their identity in culture in the absence of exogenous growth factors, and that changes in gene expression associated with in vivo β-cell maturation are recapitulated in vitro. We implement a scalable re-aggregation technique to deplete non-endocrine cells and identify CD49a (also known as ITGA1) as a surface marker of the β-cell population, which allows magnetic sorting to a purity of 80%. Finally, we use a high-resolution sequencing time course to characterize gene-expression dynamics during the induction of human pancreatic endocrine cells, from which we develop a lineage model of in vitro β-cell differentiation. This study provides a perspective on human stem-cell differentiation, and will guide future endeavours that focus on the differentiation of pancreatic islet cells, and their applications in regenerative medicine.
*
In vitro differentiation of human stem cells can produce pancreatic β-cells; the loss of this insulin-secreting cell type underlies type 1 diabetes. Here, as a step towards understanding this differentiation process, we report the transcriptional profiling of more than 100,000 human cells undergoing in vitro β-cell differentiation, and describe the cells that emerged. We resolve populations that correspond to β-cells, α-like poly-hormonal cells, non-endocrine cells that resemble pancreatic exocrine cells and a previously unreported population that resembles enterochromaffin cells. We show that endocrine cells maintain their identity in culture in the absence of exogenous growth factors, and that changes in gene expression associated with in vivo β-cell maturation are recapitulated in vitro. We implement a scalable re-aggregation technique to deplete non-endocrine cells and identify CD49a (also known as ITGA1) as a surface marker of the β-cell population, which allows magnetic sorting to a purity of 80%. Finally, we use a high-resolution sequencing time course to characterize gene-expression dynamics during the induction of human pancreatic endocrine cells, from which we develop a lineage model of in vitro β-cell differentiation. This study provides a perspective on human stem-cell differentiation, and will guide future endeavours that focus on the differentiation of pancreatic islet cells, and their applications in regenerative medicine.
Pancreatic β-cells are regulators of blood glucose, the autoimmune destruction or dysfunction of which causes type 1 and type 2 diabetes. In vitro differentiation protocols have recently been developed that convert pluripotent stem cells into pancreatic β-cells [1] [2] [3] . For instance, the 'stem-cell-derived β (SC-β)-cell' protocol 1 performs a stepwise differentiation that uses a combination of signalling cues that are derived from the cues that generate β-cells in vivo. The resulting SC-β-cells secrete insulin in response to glucose challenges, and restore metabolic homeostasis in animal models of diabetes 1 . Consequently, in vitro differentiation protocols are leading candidates for the development of cell-based therapies for diabetes.
A challenge in producing any cell type in vitro is the heterogeneity of the cells generated by directed differentiation. At each step of the process, some cells follow the desired path, whereas others stray. To improve efficiency, it is important to identify all of the cell types that are produced during differentiation.
High-throughput single-cell RNA sequencing 4 characterizes cell types by unbiased transcriptional profiling of thousands of individual cells. Single-cell RNA sequencing has previously been applied to comprehensively characterize the cell types of many organs, including several studies of the adult human 5-9 and embryonic mouse 10-12 pancreas. Previous studies using β-cell differentiation protocols have made a number of important observations. Co-expression of insulin and other key β-cell markers, combined with glucose-stimulated insulin secretion, constituted the primary proof that β-cells are produced in vitro. Studies that characterize bulk gene-expression profiles 13, 14 have shown that transcriptional and epigenetic landscapes change for thousands of genes. A previous study 15 used single-cell quantitative PCR to propose a model for in vitro pancreatic differentiation. None of these studies has comprehensively determined the identities and states of all the cell types produced before and alongside in vitro β-cells.
In the SC-β-cell protocol 1 , human pluripotent stem cells grown in 3D clusters are differentiated into six stages using specific inducing factors to produce 'stem-cell-derived islets' (SC-islets) that contain SC-β-cells. Progress and efficiency are measured using immunofluorescence microscopy and flow cytometry (Fig. 1a) . The first three stages of differentiation generate a nearly homogenous (about 90%) population of progenitors that express the master transcription factor PDX1. Thereafter, distinct populations are identified by staining for C-peptide (a fragment of proinsulin), the pan-endocrine marker CHGA and the β-cell transcription factor NKX6.1 (Fig. 1a, Extended Data Fig. 1a ).
Here we apply single-cell RNA sequencing and computational analysis to generate a deep understanding of in vitro β-cell differentiation (Fig. 1b) . We define emergent cell types at each stage of differentiation through their global gene-expression profiles, which creates a precise cell-by-cell description of in vitro β-cell differentiation. These are critical steps in advancing the directed differentiation of stem cells towards a treatment for diabetes.
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The major populations we identified ( Fig. 1c-g , Supplementary  Fig. 1 ) are progenitors (in stages 3 and 4), three types of endocrine cells (in stages 4, 5 and 6) and one type of non-endocrine cell (in stages 5 and 6). In both of our modified protocols, cells at stage 3 comprise a single population of replicating pancreatic progenitors (PDX1 + ). By the end of stage 4, we observe NKX6-1 + progenitors as well as the first α-like cells. Finally, at stages 5 and 6, we observe three classes of CHGA + endocrine cells: (i) SC-β-cells that express INS, NKX6-1, ISL1 and other β-cell markers; (ii) α-like cells that express GCG, ARX, IRX2 and also INS; and (iii) an endocrine cell type that expresses CHGA, TPH1, LMX1A and SLC18A1 that most resembles enterochromaffin cells (hereafter SC-EC cells) (Extended Data Fig. 1b) . At stages 5 and 6, SOX9 + non-endocrine cells (Extended Data Fig. 1c ) form a final population with considerable heterogeneity. Thus, we identified two cell populations with translational relevance that correspond to adult islet cell types (SC-β-and SC-α-cells), alongside two other populations (SC-EC and non-endocrine cells).
Beyond these major populations, both of the modified protocols include a small population of SST + HHEX + ISL1 + cells that emerge as early as the end of stage 4. A single population, labelled by high levels of FOXJ1 + , was present in only one of the modified protocols (Extended Data Table 2 ). Although our protocol variants showed large differences in cell-type ratios (Fig. 1d-g , Extended Data Fig. 1f-i) , as expected, every cell type that was shared across protocols showed a similar gene-expression signature (Extended Data Fig. 1j ). We conclude that population ratios can be markedly affected by protocol modifications without altering the identities of the cell types.
Finally, we compared cells from stage 6 that were produced from differentiation of embryonic stem cells (line HUES8) and induced pluripotent stem cells (line 1016/31), and observed high correlations between the corresponding cell types (Extended Data Fig. 1k-m) . Together, these results establish that our in vitro β-cell differentiation protocols guide a lineage progression that is robust to perturbation in differentiation factors and stem-cell lines.
SC-β-cells stably maintain identity
The key properties of SC-β-cells are glucose responsiveness and transcriptional similarity to endogenous human β-cells. We characterized these properties across several weeks of stage 6, using serum-free medium without exogenous signalling factors (hereafter referred to as protocol v8). We carried out single-cell RNA sequencing and in vitro glucose-stimulated insulin secretion (GSIS) tests across several weeks of stage 6, sampling at weekly intervals from three differentiations (Fig. 2a) .
SC-islets acquire glucose-responsive insulin secretion in the first week of stage 6, and retain this ability for about another four weeks (Fig. 2b, c, Extended Data Fig. 2 ). The observed stimulation indices were in the same range as human islet controls, although the magnitude of secretion was higher in islets. These results show that glucose responsiveness is a stable trait that requires no exogenous factors or serum.
In parallel, we assessed whether the stage-6 cell populations maintain their identity during an extended time in culture. As in the previous dataset, we identify SC-β-, SC-α-, SC-EC cells and non-endocrine cells (Fig. 2d , e, Extended Data Fig. 3a, b) 
HHEX
+ cells that resemble δ cells also constitute a small population. We observe a high correlation between the same cell type at different time points, both in absolute (r 2 > 0.8) and relative terms, as compared to other cell types from any time point (Fig. 2f) . Importantly, for endocrine cells we see no evidence of dedifferentiation towards a progenitor state or transdifferentiation towards alternative fates during stage 6. We thus conclude that the global transcriptional profiles-which serve as a measure of identityare maintained during extended stage-6 culture.
Consistent with their glucose responsiveness, we observe that SC-β-cells express key genes of β-cell identity 16 , metabolic sensing and signalling 17 , and insulin synthesis, packaging and secretion 18 . Broadly, these genes are expressed in both cadaveric islet β-cells and SC-β-cells-but not in the NKX6.1 + progenitors of the latter cells (Extended Data Fig. 3c-f, Supplementary Table 3 ). There appears to be minimal cell replication, as evidenced by the negligible expression of cell-cycle-associated genes (TOP2A) and high expression of the cell-cycle-inhibitor gene CDKN1C.
Finally, we sought to describe the refinements in SC-β-cell gene expression that occur over time. We applied pseudotime analysis to order the cells according to their transcriptional state, and regressed the gene expression using pseudotime to identify dynamic genes (Fig. 2g, a, Summary of cell populations identified by flow cytometry at the end of stages 3-6 of the SC-β-cell protocol described in ref.
1 . b, Use of inDrops to sample cells from several time points of the same differentiation. c, Expression profiles of developmentally relevant genes and markers across cell types identified in SC-β-cell differentiation. The shading displays mean expression as z-normalized transcripts per million mapped reads (z-norm. TPM), and diameter denotes fractional expression. d-g, t-SNE projections of cells sampled from the end of stages 3 through to stage 6 of protocol x1 (see Extended Data Table 1 for definition of protocols). Cells are coloured according to their assigned cluster. Horizontal bars indicate cell-type proportions.
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INS gene locus. In summary, we observe relatively subtle changes in SC-β-cell transcriptomes during stage 6, some of which correspond to known markers of maturation.
Early SC-α-cells express insulin
Poly-hormonal cells that express both insulin and glucagon have previously been reported in several in vitro pancreatic differentiation protocols. Beyond glucagon, these cells express many markers of islet α-cells, but-uncharacteristically for islet α-cells -also express insulin. On this basis, and because the expression of insulin is rectified during stage 6 (Extended Data Fig. 4a ), we refer to these cells as SC-α-cells. To explore the similarity of SC-α-and SC-β-cells to their in vivo counterparts, we first identified genes that are differentially expressed between adult cadaveric α-and β-cells 5 (Extended Data Fig. 4b ). Genes with higher expression in α-cells were higher in SC-α-cells, whereas β-cell-enriched genes were higher in SC-β-cells (Extended Data Fig. 4c, d ). This result is consistent with previous findings that in vitro-derived poly-hormonal cells resolve to mono-hormonal cells that express glucagon 22 . 
SC-EC cells
Our survey identified a population of endocrine cells that express TPH1, NKX6-1 and low levels of insulin, but which lack the β-cell markers G6PC2, NPTX2, ISL1 and PDX1. We hypothesize that these cells are SC-EC cells. Enterochromaffin cells synthesize and secrete serotonin in the gut, where they serve as chemosensors 25 . The transcriptome of enterochromaffin cells has previously been characterized using single-cell sequencing of mouse intestinal epithelium 26 and organoids 27 . Compared to SC-β-cells (Fig. 3a) , SC-EC cells express genes that are required for serotonin synthesis (TPH1, DDC and SLC18A1) (Extended Data Fig. 5a ), and enterochromaffin markers such as LMX1A, ADRΑ2A, FEV, TAC1 and CXCL14. The expression of these serotonin synthesis and enterochromaffin marker genes is enriched in SC-EC cells relative to SC-α-and SC-β-cell in vitro populations, and in vivo pancreatic endocrine populations (Fig. 3b) . By immunostaining (Fig. 3c, d ), we verified that SC-EC cells co-express TPH1, LMX1A and SLC18A1 and contain serotonin. Similar to SC-β-cells, SC-EC cells survive transplantation in the kidney capsule of mice (Fig. 3e) . SC-islets release serotonin upon depolarization with KCl but not upon stimulation with high glucose (Extended Data Fig. 5b ), which is consistent with the expected behaviours of enterochromaffin cells 28 . We observe SC-EC cells in all datasets of this study. We also observe expression of SC-EC genes in bulk expression data 29 from differentiations of induced pluripotent stem cells, using a different protocol (Extended Data Fig. 5c-e) , which suggests the presence of enterochromaffin cells across other β-cell protocols and pluripotent cell lines.
Although serotonin is reportedly produced in human β-cells 30 , we do not observe expression of TPH1 in either in vivo or in vitro β populations [5] [6] [7] [8] [9] , nor do we find enterochromaffin cells in single-cell profiling of the pancreas [5] [6] [7] [8] [9] [10] [11] . Previous studies have shown that β-cells produce serotonin in an age-or context-dependent manner, which has not been explored in existing single-cell datasets [30] [31] [32] . However, we identified a signal of the induction of a serotonin (or enterochromaffin) program in perturbed mouse β-cells from recently published data 33 , which suggests that there is only a small 'distance' between the β-cell and enterochromaffin-cell fates. Specifically, we note that this previous data shows that 25 weeks after a β-cell-specific knockout of the polycomb repressive complex 2 (PRC2) component EED, the enterochromaffin marker genes Tph1, Lmx1a, Slc18a1 and Trpa1 are upregulated (Extended Data Fig. 5f ). This shows that the serotonin or enterochromaffin program is induced in a model of β-cell de-differentiation, which suggests that there is a relationship between the β-cell and enterochromaffin-cell fates.
Fates of non-endocrine cells
Some cells do not adopt an endocrine fate during stages 4 and 5 (Extended Data Fig. 6 ). These non-endocrine cells are similar to pancreatic-progenitor cell types from earlier stages, in that they express key transcription factors and lack endocrine markers. Whereas both in vivo and in vitro endocrine cells are largely post-mitotic, these non-endocrine cells retain expression of cell-cycle-associated genes (TOP2A) ( Supplementary Fig. 1 ). These cells do not follow endocrine commitment, nor do they remain as progenitors-instead, they appear to differentiate towards exocrine pancreatic fates. During continued culture in stage 6, these non-endocrine cells split into populations that express markers of pancreatic acinar, mesenchymal and ductal cells (Extended Data Fig. 6 ).
Purification of endocrine and SC-β-cells
Single-cell dissociation followed by controlled re-aggregation has previously been used to purify endocrine cells from neonatal pancreas 34 and in vitro β-cell preparations 35 . We discovered that enzymatic dissociation followed by re-aggregation can be applied after stage 5. Unlike previous methods, this approach is scalable because it does not require micro-patterned surfaces, hanging droplets or soluble extracellular matrix factors to increase efficiency. Using single-cell sequencing, flow cytometry and GSIS (Extended Data Fig. 7a-h ), we show that this re-aggregation procedure depletes non-endocrine cells while maintaining cell identity and improving β-cell function. Staining of SC-islets after re-aggregation shows marked compartmentalization of endocrine-cell populations into regions of similar cells.
Beyond endocrine enrichment, we explored ways of specifically enriching for SC-β-cells. Our analysis identifies CD49a as a SC-β-cell surface marker (Fig. 4a) . Within the adult islet, CD49a expression is not specific to β-cells 5 . We used anti-CD49a staining and magnetic microbeads to label and efficiently sort SC-β-cells. This method produces clusters that contain up to 80% SC-β-cells (Fig. 4b , c), with fewer than 5% SC-EC cells. We observe comparable purification from differentiations of an additional embryonic stem-cell line, as well as two induced pluripotent stem-cell lines (data not shown). These highly purified SC-islets are responsive to glucose in vitro (Fig. 4d, , and have increased stimulation indices compared to unsorted, re-aggregated SC-islets in both static and dynamic GSIS-but lower secretion magnitude compared to cadaveric islets in both of these forms of GSIS. Thus, our single-cell sequencing data have revealed an approach for enriching β-cells produced in vitro.
The origin and lineage of SC-β-cells
Single-cell sequencing can reconstruct complex developmental trajectories both from single snapshots or sequential samplings. SC-β-and SC-EC cells are absent at the end of stage 4 and appear during the course of stage 5. Given their shared expression of key genes (such as PAX4 and NKX6-1), we sought to determine whether these cells form separately during endocrine induction or whether one is a precursor for the other. To this end, we sequenced approximately 45,000 cells at daily intervals throughout the course of stage 5 for 2 independent differentiations. From a global perspective, individual cells in this dataset form a continuum that connects stage-5 populations at day 0 and day 7. NEUROG3, a transiently expressed master regulator of in vivo endocrine induction, is expressed by cells that bridge endocrine and nonendocrine cells within this continuum, as different cell types gradually emerge ( Fig. 5a-d TPH1  TPH2  DDC  SLC18A1  SLC18A2  NEUROG3  NKX2-2  LMX1A  FEV  CDX2  ADRA2A  NEUROD4  TAC1  CXCL14  MME  GPC4  ITPR3  SOX2  FATE1  GPRC5A  COL5A2  SYT6 Blue genes are enterochromaffin markers or are required for serotonin synthesis. b, Expression levels for SC-EC-cell-enriched genes across in vitro populations (top) and human pancreatic endocrine cells (bottom). Shading displays mean expression (TPM, log-scaled) and diameter denotes fractional expression. Nonendo. denotes non-endocrine. c, d, Immunofluorescence staining for SC-EC-cell markers showing co-localization with serotonin, using the v8 protocol. Scale bars, 100 μm. e, Immunofluorescence staining of graft tissue recovered eight weeks after transplantation of (protocol v4, see Extended Data Table 1 ) SC-islet clusters shows SC-EC cells persist after transplantation. Article reSeArcH expression at the NKX6-1
high end of the gradient, and thus infer that these genes mark the progenitors that are most poised for endocrine induction. NEUROG3 expression is accompanied by changes in many other transcription factors and cellular signalling genes (Extended Data Fig. 8f ). We also observe-starting on day 1-that there is an upregulation of CDX2 (Extended Data Fig. 8b, d ) among a subset of the NKX6-1 + cells that have yet to, or fail to, undergo endocrine induction. Our analysis reveals an axis of stage-5 progenitor variation-marked by NKX6-1 + , PTF1A + and PDX1 high cells that predicts endocrine induction potential.
Stage 5 endocrine induction primarily yields SC-β-and SC-EC cells, with the earliest cells of these types emerging on day 3. Global clustering and manifold embedding suggest a late branching of the SC-β and SC-EC cell fates. To validate this branching observation, we computed diffusion pseudotimes for all SC-β-, SC-EC and NEUROG3 + cells (Fig. 5e-g ). We fit to each gene a model that incorporated both pseudotime and branch assignment as covariates, and compared these models to models that were fit without branch labels. Although some genes (such as NEUROG3 and NKX6-1) are dynamically expressed but show little or no branch dependence (Fig. 5f ), we identify 313 branch-associated genes (q value < 0.001 and fold change > 4)-including many transcription factors, and key SC-β-and SC-EC-cell fate genes. Our analysis suggests that SC-β and SC-EC cells emerge from a common NEUROG3 + induction intermediate, rather than one serving as a progenitor for the other. Thus, this constitutes a second fate bifurcation on the trajectory of SC-β-cell formation. From this analysis, we propose a model for the lineage of cell types produced by SC-β-cell differentiation (Fig. 5i) .
Discussion
Beta cells are front-runners in the field of regenerative medicine. Nonetheless, directed differentiation protocols for β-cells produce other cells alongside them. In this study, we use single-cell RNA sequencing experiments to comprehensively characterize the cells that are formed during SC-β-cell differentiation.
The stepwise synchronous differentiation of millions of cells provides an opportunity to study human developmental processes. We show that SC-β-cells respond to glucose in vitro, and maintain their identity under extended culture without signalling modulators. Dynamic genes include several markers of β-cell maturation. Furthermore, the identity of poly-hormonal cells has previously been controversial: we conclude that they represent α-like (that is, SC-α) cells that only transiently mis-express insulin. In the context of transplantation, these cells may improve β-cell function through local interactions or autocrine signalling within SC-islets. We show that progenitors that fail endocrine induction progress towards pancreatic exocrine cell types. These seem undesirable, as they may replicate or occupy precious space within transplantation devices. We describe a scalable re-aggregation method that enriches endocrine cells, which allows the elimination of these exocrine cell types. Additionally, we identify CD49a as a surface marker of SC-β-cells, and generate very pure SC-β-cell clusters via magnetic sorting.
An unexpected finding of our analysis is the existence of SC-EC cells in vitro. We show that SC-EC cells are closely related to, but fundamentally distinct from, SC-β-cells and that they arise from a late bifurcation of differentiation. Given this close similarity and their shared expression profile for key genes (NKX6-1, CHGA and not expressing GCG), these cells may be misclassified as either progenitors or bona fide β-cells when analysed using methods that are based on preselected groups of genes 15 . In vivo, enterochromaffin cells have not previously been observed in studies of mouse or human islets [5] [6] [7] [8] [9] . Nonetheless, extremely rare reports of primary pancreatic carcinoid tumours that produce serotonin provide support for the existence of resident pancreatic enterochromaffin cells 36 . We show that CD49a purification depletes SC-EC cells.
This study provides a resource for future development of β-cell differentiation protocols. For instance, hypotheses regarding the control of cell fate by modulating signalling pathways may be guided by receptor expression patterns or inferred signalling activities. Although Article reSeArcH SC-β-cells are highly similar to cadaveric β-cells, differences remainincluding the lack of expression of UCN3, MAFA and SIX3. While these genes are probably expressed after transplantation in vivo, they represent the next milestone in the pursuit of ever-more-mature SC-β-cells in vitro. In parallel, further milestones in characterizing SC-β-cell differentiation will come from single-cell measurements of proteins, epigenetics and lineage.
Overall, we provide a comprehensive and detailed analysis of a stemcell product destined for human therapeutic strategies. This type of high-resolution, single-cell profiling represents a necessary step on the road towards successful and safe therapies.
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MEthodS
No statistical methods were used to predetermine sample size. The experiments were not randomized and investigators were not blinded to allocation during experiments and outcome assessment. Cell culture. Human pluripotent stem-cell maintenance and differentiation was carried out as previously described 1 . Pluripotent stem-cell lines were obtained from stocks maintained by the Melton laboratory or Semma Therapeutics. Pluripotent stem-cell lines were maintained in cluster suspension culture format using mTeSR1 (Stem Cell Technologies, 85850) in 500-ml spinner flasks (Corning, VWR) spinning at 70 r.p.m. in an incubator at 37 °C, 5% CO 2 and 100% humidity. Cells were passaged every 72 h: human pluripotent stem-cell clusters were dissociated to single cells using Accutase (Innovative Cell Technologies; AT104-500) and light mechanical disruption, counted and seeded at 0.5 M cells/ml in mTeSR1 + 10 μM Y27632 (DNSK International, DNSK-KI-15-02). Cell lines were authenticated by DNA fingerprinting (Cell Line Genetics) and all lines tested negative on routine mycoplasma contamination verifications. The HUES8 lines used throughout the study matched HUES8. The induced pluripotent stem-cell (iPS) line used as a comparison matched as a mixed population of iPS 1016 and iPS 1031 and is reported as such in the manuscript. All cells lines tested negative for mycoplasma contamination which was carried out routinely.
Differentiation flasks were started 72 h after passage, by removing mTeSR1 medium and replacing with the protocol-appropriate medium and growth factor or small molecule supplements (Extended Data Table 1, Supplementary Table 1) . Small molecules and signalling factors were prepared and stored as single-use aliquots. During feeds, the differentiating clusters were allowed to gravity-settle for 5-10 min, medium was aspirated and 300 ml of pre-warmed medium was added. All experiments involving human cells were approved by the Harvard University IRB and ESCRO committees. Flow cytometry. Differentiated clusters, sampled from the suspension culture (1-2 ml), were dissociated using TrypLE Express (Gibco; 12604013) at 37 °C, mechanically disrupted to form single cells, fixed using 4% PFA for 30 min at room temperature and stored in PBS at 4 °C. For staining, fixed single cells were incubated in blocking buffer for 1 h at room temperature, then incubated in blocking buffer with primary antibodies (1 h at room temperature or overnight at 4 °C), washed three times with blocking buffer, incubated with secondary antibodies in blocking solution (1 h at room temperature), washed three times and resuspended in PBS + 0.5% BSA (Proliant; 68700). The blocking buffer was PBS + 0.1% saponin (Sigma; 47036) + 5% donkey serum (Jackson Labs; 100181-234). Stained cells were analysed using the LSR-II, Accuri C6 (BD Biosciences) or Attune NxT (Invitrogen) flow cytometers. An example gating strategy is shown in Supplementary Fig. 3 . Results presented in this study are representative of more than a hundred independent v8 differentiations. Immunofluorescence microscopy. Differentiated clusters were fixed in 4% PFA for 1 h at room temperature, washed and frozen in OCT (Tissue-Tek) and sectioned. Before staining, paraffin-embedded samples were treated with Histo-Clear to remove the paraffin. All slides were rehydrated via an ethanol gradient and incubated in boiling antigen retrieval reagent (10 mM sodium citrate, pH 6.0) for 30 min. For staining, slides were incubated in CAS block (ThermoFisher; 008120) with primary antibody overnight at 4 °C, washed three times, incubated in secondary antibody for 2 h at room temperature, washed, mounted in Vectashield with DAPI (Vector Laboratories; H-1200) or ProLong Diamond Antifade Mountant with DAPI, covered with coverslips and sealed with clear nail polish. Representative regions were imaged using Zeiss.Z2 with Apotome or Zeiss CellDiscoverer 7 microscopes. Images shown are representative of similar results in at least three biologically separate differentiations from matched or similar stages.
Antibodies. Primary antibodies (supplier; catalogue number, effective dilution).
Rat anti-C-peptide (DHSB; GN-ID4; 1:100), mouse anti-NKX6.1 (DHSB; F55A12; 1:50), rabbit anti-CHGA (Abcam; ab15160; 1:500), rabbit anti-SLC18A1 (Sigma; HPA063797; 1:300), rabbit anti-LMX1A (Sigma; HPA030088; 1:300), sheep anti-TPH1 (EMD Millipore; AB1541; 1:100), goat anti-5-HT (Immunostar; 20079; 1:1000), rabbit anti-SOX9 (Cell Marque; AC-0284RUO; 1:500), mouse anti-glucagon (Santa Cruz Biotech.; SC-514592; 1:300). In brief, about 500 islet-equivalent (IEQ) human islets or ~5 × 10 6 stage-6 native (day 10, non-reaggregated) SC-islet clusters were transplanted under the kidney capsule of male SCID beige mice (Jackson Laboratories) aged between 8 and 12 weeks. At the specified time after transplantation, kidneys containing grafts were dissected and fixed in 4% PFA overnight at 4 °C. The fixed kidneys were embedded in paraffin and sectioned for immunofluorescence staining, which was performed as described above. All animal studies were approved by the Harvard University IACUC. GSIS and serotonin secretion. Human islets (∼400 IEQ, Prodo Laboratories) or SC-islet clusters (equivalent to ∼4 × 10 6 cells between 28 and 60 days of differentiation) were divided into four parts to collect technical triplicates of secreted products (assayed for insulin or serotonin) and total insulin content samples. Krebs buffer (KRB) was prepared: 128 mM NaCl, 5 mM KCl, 2.7 mM CaCl 2 , 1.2 mM MgSO 4 , 1 mM Na 2 HPO 4 , 1.2 mM KH 2 PO 4 , 5 mM NaHCO 3 , 10 mM HEPES (Life Technologies; 15630080), 0.1% BSA in deionized water. Clusters were washed twice with low-glucose (2.8 mM) KRB and were then loaded into 24-well plate inserts (Millicell Cell Culture Insert; PIXP01250) and fasted in low-glucose KRB for 1 h to remove residual insulin in 37-°C incubators. Clusters were washed once in low-glucose KRB, incubated in low-glucose KRB for 1 h, and the supernatant was collected. Then, clusters were transferred to high-glucose (20 mM) KRB for 1 h, and the supernatant was collected. This sequence was repeated one additional time, and clusters were washed once between the high-glucose and second low-glucose incubation to remove residual glucose. Finally, clusters were incubated in KRB containing 2.8 mM glucose and 30 mM KCl (depolarization challenge) for 1 h, and then the supernatant was collected. Clusters were then dispersed into single cells using TrypLE Express, and cell number was counted automatically by a Vi-Cell (Beckman Coulter) to normalize insulin level by the cell number. Supernatant samples containing secreted insulin were processed using the human ultrasensitive insulin enzyme-linked immunosorbent assay (ELISA) (ALPCO; 80-INSHUU-E01.1) and the serotonin ELISA (ALPCO; 17-SERHU-E01-FST). Dynamic perifusion assay for GSIS. Dynamic GSIS was performed as previously described
20
. Non-diabetic human islets from Prodolabs (100-250-μm-diametersized 25 IEQ islets were handpicked per sample, n = 3) and native or purified SC-β-cell clusters (100-250-μm-diameter-sized 25 clusters were handpicked per sample, n = 3), were assayed on a fully automated Perifusion System (BioRep). Chambers were sequentially perifused with 2.8 mM or 20 mM glucose, or 2.8 mM glucose with 30 mM KCL in KRB buffer at a flow rate of 100 μl/min. Chambers were first perifused with low glucose (2.8 mM) for 1 h for fasting, and then 15 min for low-glucose incubation followed by high-glucose (20 mM) challenge for 30 min. Samples were then perifused with low glucose for 15 min, followed by low glucose and 30 mM KCl for 15 min. Insulin concentrations in the supernatant were determined using an ultrasensitive insulin ELISA kit (Alpco; 80-INSHUU-E01.1). The insulin secretion levels were normalized by total cell number (μIU per ml per 1,000 cells). Re-aggregation procedure to remove non-endocrine cells. We optimized the re-aggregation procedure for scalability to ensure that our method-unlike previous, related techniques 35, [37] [38] [39] [40] -may be deployed at scales of several billion cells. SC-islets were dissociated into single cells at the end of stage-5 differentiation. Three hundred millilitres of SC-islet culture was washed in PBS and incubated in 25 ml of TrypLE Express for 20 min at 37 °C. Cells were then quenched with DMEM + 10% FBS and spun down, before resuspending in 10 ml of stage-6 culture medium. Remaining undissociated cell clusters were mechanically dissociated using a P1000 pipette. The single-cell suspension was further diluted to a volume of 50 ml with stage-6 medium, before being passed through a 40-μm mesh filter (pluriSelect) to remove any residual undissociated clusters. The dissociated single cells were counted and seeded into a spinner flask at a density of 1 million cells per millilitre in stage-6 medium, and cultured in an incubator at 37 °C with 70 r.p.m. agitation. The endocrine cells self-aggregate into clusters within 24 h, whereas progenitor cells remain in the supernatant. After 48 h of culture, cells were fed by spinning down all the cells and resuspending in fresh stage-6 medium. Subsequent medium changes were done every 48 h using a 20-μm mesh filter (pluriSelect). The re-aggregated clusters enriched with endocrine cells were collected on the 20-μm mesh filter and reseeded back in the spinner flask with stage-6 medium at the original volume. Supernatant that contained single cells that passed through the 20-μm mesh filter was discarded. Magnetic enrichment using CD49a. Stage-6 clusters (taken at stage 6, week 2) were dissociated as described in 'Re-aggregation procedure to remove nonendocrine cells' , starting with 75 ml of stage-6 culture. The dissociated single cells were resuspended in sorting buffer (PBS + 1% BSA + 2 mM EDTA) and filtered through a 35-μm mesh filter. Cells were counted and resuspended at a density of 10 million cells per 300 μl in 15-ml conical tubes. Cells were stained at room temperature for 20 min using a 1:100 dilution of anti-human CD49a PE-conjugated (BD 559596) antibody, covered from light and agitated every 3 min. Stained cells were washed twice with 15 ml of sorting buffer by spinning down (5 min, 300g) and resuspending to their initial density of 10 million cells per 300 μl. To label with microbeads, 40 μl of anti-PE UltraPure MACS microbreads were added for each 10 million cells, and the cell solution was incubated for 15 min at 4 °C, agitated every 5 min. The stained cells were washed twice as above, and resuspended to a target density of 25-30 million cells per 500 μl. Volumes of 500 μl (containing no more than 30 million cells) were then magnetically separated on LS columns (Miltenyi 130-042-401) in a QuadroMACS separator (Miltenyi 130-090-976) using the recommended protocol. In brief, 500 μl of cells was added to a pre-washed column, washed with 3 ml of sorting buffer three times, removed from the separator and washed with a final volume of 5 ml. The final cell fractions from different columns were pooled. Successful PE enrichment was verified by live-cell flow cytometry on a Attune NxT (Invitrogen) flow cytometer, showing enrichment of 70% or more in a typical experiment. An example purification result is shown in Supplementary Fig. 3d . Although we did not use this method in the results presented in the paper, a second pass on an LS column will yield enrichment up to 90% CD49a + cells (which gives downstream resulting SC-β-cell fractions of >90%), but will decrease the number of recovered cells. The enriched cells were diluted in stage-6 medium at a concentration of 500,000 cells per ml, and seeded on ultra-low-attachment 6-well plates (Corning 3471) with 2 ml of culture per well, placed on a rocker at 27 r.p.m., to carry out re-aggregation. Clusters were then fed every 48 h according to the stage 6 feeding schedule of the v8 protocol. We carried out re-aggregation controls in rockers for reasons of scale, although we note that endocrine enrichment is less efficient than in spinner flasks. Typical yields were approximately 10-15 million purified cells when starting with ~150 million total cells. Cells were assessed for function 7-9 days after purification. Preparation of differentiated cells for sequencing. Differentiated clusters were prepared for single-cell RNA sequencing as follows: 1-2 ml suspension culture was sampled from the spinner flask, dissociated with TrypLE Express (5-15 min at 37 °C), quenched with cold PBS + 1% BSA, and gently dispersed with a P1000 pipette. Cells were then centrifuged (300g, 3 min), resuspended in cold PBS+1% BSA and filtered through a 70-μm mesh filter. Centrifugation, resuspension and filtering was repeated a total of three times. Cells were then counted and resuspended to the working dilution for inDrops (100,000 cells per ml) in 1× PBS with 13% Optiprep (Sigma; D1556). inDrops single-cell RNA sequencing. Single-cell RNA sequencing was carried out using the inDrops platform, as previously described 4, 41 . Most samples were run using inDrops v2 barcoded hydrogel beads (1 Cell Bio, Harvard Single Cell Core), and one experiment used inDrops v3 beads (Harvard Single Cell Core). Following the inDrops protocol, each biological sample was split into several aliquots of 1,000-3,000 cells after encapsulation. At least two library aliquots were prepared separately from each sample, indexed using recommended index sequences, pooled and sequenced on a NextSeq 500 (Illumina). The first set of experiments (stages 3-6 time course) involved sequencing several thousand cells per time point, and provided us with an estimate of the expected cell-type diversity. For the following stage-5 and -6 time courses, we used separate flasks as technical replicates and measured thousands of cells from each individual time point, which increased our capacity for identifying rare populations or subtle changes in our major cell types. inDrops raw data processing. Sequencing reads were processed according to the previously published inDrops pipeline (https://github.com/indrops/indrops/). To run the pipeline, a reference index was built from the Ensembl GRCh38 human genome assembly and the GRCh38.88 transcriptome annotation. In brief, the pipeline trims reads using Trimmomatic, uses Bowtie 1.1.1 to map reads to the human transcriptome and quantifies transcript expression counts using the unique molecular identifiers, (referred to as UMIFMs). For each library, the UMIFM count matrix was filtered as follows: genes with less than 3 counts were removed; mitochondrially encoded and under-annotated genes were removed; cells with less than 750 (stage-5 and -6 time courses) or 1,000 (all other datasets) UMIFM counts were removed. Variation in the total counts of each individual cell was removed by normalizing the sum of counts of each cell to 10,000. These normalized counts were used as input below and were converted to TPM values for data presentation. Dimensionality reduction and clustering. Dimensionality reduction and clustering for each dataset was performed by broadly following a modified version of a previously published approach 42 . Using the unnormalized counts, highly variable genes were identified as previously described 42 , by finding outliers with high coefficients of variations as a function of mean expression. Then, within each dataset, depth-normalized counts values were further z-normalized per gene, to yield z-normalized values. The z-normalized values of variable genes per dataset were used as input for principal component analysis. When computing principal components for the stage-5 datasets, we identified genes correlated with cell-cycle marker TOP2A (Pearson correlation greater 0.15), and excluded them. Clustering was carried out using Leiden community detection 43 , a recently published improvement on Louvain community detection. For community detection, we created a mutual k-nearest neighbour graph by keeping only the mutual edges of the 250 (stage-5 and -6 time course) or 100 (other datasets) nearest neighbours of cells in the space of the first 50 principal components. When necessary, we repeated community detection on a subset of the cells to improve the cell annotations. We noted that keeping only mutual edges improved our ability to resolve SST + HHEX + cells, which correspond to the cluster that is the most difficult to correctly distinguish in the data. For each dataset, this dimensionality reduction procedure followed by clustering was carried out twice per dataset. A first pass was used to identify clusters with lower average library sizes, lack of expression markers (as defined using the previously published 42 score) or clear doublet expression patterns. For the stage-5 and stage-6 time courses, this first pass of filtering was carried out once per time point, and once again for the complete datasets (and the full datasets were used thereafter). The filtered cells were ignored in the second pass of clustering. After this second pass of clustering, individual clusters were assigned an identity (and, where appropriate, merged with others) by correlating their expression profiles to a set of predefined marker genes for each population. After clusters were interpreted, we trained a scikit-learn random forest classifier of the clusters and used out-ofbootstrap predictions to assign final labels to the cells. We also used this classifier to recover cells removed in the first-pass filter, by retaining cells with a predicted label that had a 66% majority across random trees, recovering approximately 5% of the cells across datasets. These retained cells were incorporated in downstream analyses but ignored when finding principal components. t-SNE projections were computed with the Python wrapper of the C Barnes-Hut t-SNE implementation (https://github.com/lvdmaaten/bhtsne), using the first 25 principal components. To compute mean gene-expression levels within a label, we summed UMIFM counts for all cells assigned to that label and computed TPM normalization on these summed counts. We also computed the fraction of cells that express a given gene within a cluster, using 1% of the maximal expression of that gene (in any cell of the same dataset) as a threshold for qualifying the gene as expressed. The correlation of groups of cells (as in Fig. 2f , Extended Data Fig. 1j , m) was computed by first selecting 2,000 highly variable genes across the whole dataset, computing the mean expression within each group of cells (as above), z-normalizing each gene across the different classes, and then computing Pearson r correlation coefficients between the samples for these 2,000 genes. Diffusion pseudotime analysis. Diffusion pseudotime analysis 44 was performed using the Scanpy package 45 , using 100 nearest-neighbours in 10 unscaled principal components, to find 10 diffusion components. We then computed the diffusion pseudotime from a manually specified root cell, and ordered cells by their rank along diffusion pseudotime branches (if any). In the stage-5 branching analysis, cells assigned to the SC-β-or SC-EC cell clusters were assigned to that branch, whereas progenitor cells were randomly assigned to a branch. Pseudotime along each branch scales from 0 to 1, corresponding to the ranked ordering of the cells but adjusting the rank of the progenitors such that both branches diverge from the common progenitors at a value of 0.5. To identify genes with an expression that is a function of pseudotime, we implemented a version of the BEAM 46 model. For unbranched pseudotime trajectories, two negative binomial generalized linear models were fit using the VGAM R package. The first was a complete model that incorporated a natural spline function of pseudotime. The second was a reduced model that does not include the pseudotime spline term. For branched trajectories, a second complete model incorporated the branch term for each cell as a regression variable. Fold changes between branches, or across the pseudotime trajectories, were then computed using the regressed values. Each regression was run on all the cells being analysed in that specific analysis, the resulting sample sizes for the regressions were: 10,034 (number of SC-β-cells) for the analysis in Figs. 2g-i, 5; 131 (number of progenitors at stage 5, day 0) and 5,109 (number of progenitors at stage 5, day 1) for the analyses in Extended Data Fig. 8c-e; and 18,099 (number of progenitors, endocrine induction, SC-EC or SC-β-cells) for the analysis in Fig. 5e -g. As done in the BEAM publication 46 , the likelihood of the data under the complete and reduced models was compared using a likelihood ratio test (with three degrees of freedom) and reported as an FDR (α = 0.001)-corrected q-value. We note that, although this provides a useful relative measure of significance, the significance level is probably inflated because this analysis does not account for the fact that the pseudotime values of cells were derived from some of the genes tested in the first place 47 . When reporting fold changes derived from the pseudotime analysis, a floor on predicted expression (TPM = 10) is enforced to prevent artificially high fold changes. Then, fold changes between the start and end of the trajectories are calculated by comparing the mean predicted expression in the first and last 5% of the trajectory. Analysis of human pancreatic islet inDrops data. Raw sequencing reads from a previous publication 5 were reprocessed as described in 'inDrops raw data processing' and 'Dimensionality reduction and clustering' to align them the same reference as our in vitro sequencing data. UMIFM counts were converted to TPM for expression analyses as above. Finally, clustering was carried out as described above to identify the same classes of cells as in the original publication 5 . Re-analysis of β-cell EED2 knockout data. Processed RNA sequencing data were downloaded from GEO (accession number GSE110648). The read-count values were used as input to create linear models using Voom 48 and Limma
49
. The original data contain three different genotypes (wild-type, heterozygous and homozygous EED2-floxed alleles) analysed at two time points (8 and 25 weeks after induction of knockout). All conditions have triplicate samples except for the heterozygous and homozygous samples at 25 weeks (which have duplicates), for a total of 15 samples. Fig. 5 | SC-EC cells secrete serotonin and exist in other protocols. a, Schematic of serotonin synthesis from tryptophan. Enterochromaffin cells use TPH1, whereas serotoninergic neurons use TPH2 for the first and rate-limiting synthesis step. b, Serotonin release during sequential challenges of low and high glucose, followed by KCl depolarization. Top, clusters from three independent SC-β-cell protocol differentiations. Bottom, human cadaveric islets from two donors. Symbols show values of individual replicates for each sample (different clusters from the same sample are split and measured separately). P values computed using two-sided Wilcoxon rank-sum test. NS, non-significant with P > 0.05. c, d, Expression of enterochromaffin marker genes (shown in blue) is detectable in bulk RNA-sequencing data (from a previous publication 29 ), and enriched via sorting of NKX6.1-GFP + cells, shown as fold change, mean expression and differential expression q-values.
Extended Data
Positive fold change indicates higher expression in NKX6.1-GFP + cells. Enrichment of SC-EC-cell markers is comparable to β-cell markers (shown in purple) and opposite of α-cell markers (shown in red). All values shown are directly reproduced from results that were previously computed and deposited 29 . e, Flow cytometry shows that SLC18A1 is co-expressed with NKX6.1 + in SC-EC cells of v8 SC-β-cell protocol differentiations. This example is representative across more than 100 independent differentiations. f, Comparison of gene expression between wild-type mouse islets and mouse islets 25 weeks after β-cell-specific polycomb repressive complex 2 ablation via Eed knockout. Purple genes are examples of downregulated β-cell-identity genes, blue genes represent serotoninenterochromaffin signature. q-values are FDR-corrected (α = 0.05) P values from Limma differential expression analysis. The enriched cells are re-aggregated in six-well plates on a rocker. c, t-SNE projection of cells sequenced from native and re-aggregated clusters from a single differentiation show a strong depletion of the non-endocrine population. Cells in both panels were differentiated using protocol v8. d, Immunofluorescence staining for C-peptide, GCG and SLC18A1 shows distinct neighbourhoods in re-aggregated clusters (protocol v8). Images shown are maximum intensity projections from z-stacks. Each panel shows separate representative clusters stained for all markers. Scale bars, 100 μm. e, f, Representative flow cytometry analysis of endocrine cell abundance (from protocol v8), before and after re-aggregation. Endocrine cells express CHGA. g, Summary of population composition (as assayed by flow cytometry) in 60 re-aggregated and 41 native independent differentiations, carried out using protocol v8. Re-aggregations were carried out in spinner flasks. P value computed using two-sided Wilcoxon rank-sum test. In g, h box plots, boxes extend from first to third quartiles, whiskers extend from 5th to 95th percentiles, central line indicates median and box notching indicates 95th percentile confidence interval for median. h, Stimulation index (insulin released at 20 mM glucose versus insulin released at 2 mM) of 52 independent protocol v8 differentiations, with paired native versus re-aggregated comparisons. P value computed using two-sided Wilcoxon signed-rank test. i, Complete data for static GSIS assays, performed as in Extended Data Fig. 2 , corresponding to stimulation indices shown in Fig. 4d . Circles are individual technical triplicates and bars show mean of those triplicates. j, Dynamic perifusion assay of glucose-responsive insulin secretion of human islets, native SC-β-cell clusters (stage 6, day 22, v8) and matched SC-β islets produced via magnetic sorting for CD49a. Each point is the mean of three technical replicates, and the vertical bar indicates the s.e. across those triplicates. k, Area under the curve comparing the first lowglucose stimulation and the high-glucose stimulation, normalized to equal effective time in each treatment. 
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted Data analysis inDrops data was analyzed using Python 2.7 and 3.6. The raw reads were processed using a previously published pipeline (https:// github.com/indrops/indrops) using Bowtie 1.1.1. Subsequent analyzes were carried out using a combination of custom scripts, Scanpy (https://github.com/theislab/scanpy) and GSEA (3.0.0.0). Flow cytometry data was further analyzed with FlowJo (10.5.2) For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
Data
Policy information about availability of data All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
-Accession codes, unique identifiers, or web links for publicly available datasets -A list of figures that have associated raw data -A description of any restrictions on data availability
Raw and processed single-cell RNA sequencing data have been deposited in the Gene Expression Omnibus under accession number GSE114412.
Validation
All antibodies used in this study have validation data available on their supplier page. Almost all antibodies used have also been previously used in the literature. Finally, antibodies showed the expected subcellular localization for their expected target protein.
Eukaryotic cell lines Policy information about cell lines
Cell line source(s)
Pluripotent stem cell lines used in this study were obtained from the master banks and stocks created and maintained by the Melton lab.
Authentication
Cell lines were authenticated by DNA fingerprinting (Cell Line Genetics). The HUES8 lines used throughout the study matched HUES8. The iPS line used as a comparison matched as a mixed population of iPS 1016 and iPS 1031 and is reported as such in the manuscript.
Mycoplasma contamination All cells lines tested negative for mycoplasma contamination which was carried out routinely.
Commonly misidentified lines (See ICLAC register) No commonly misidentified lines were used in this study.
Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research
Laboratory animals
All transplantation studies were done using male, SCID beige mice between 8-12 weeks old at the time of transplantation
Wild animals
The study did not involve wild animals.
Field-collected samples
The study did not involve field-collected samples.
